Abstract. Knowledge of seismic active earth pressure behind rigid retaining wall is very important in the design of retaining wall in earthquake prone region. Commonly used Mononobe-Okabe method considers pseudo-static approach, which gives the linear distribution of seismic earth pressure in an approximate way. In this paper, the pseudo-dynamic method is used to compute the distribution of seismic active earth pressure on a rigid retaining wall supporting cohesionless backfill in more realistic manner by considering time and phase difference within the backfill. Planar rupture surface is considered in the analysis. Effects of a wide range of parameters like wall friction angle, soil friction angle, shear wave velocity, primary wave velocity and horizontal and vertical seismic accelerations on seismic active earth pressure have been studied. Results are provided in tabular and graphical non-dimensional form with a comparison to pseudo-static method to highlight the realistic non-linearity of seismic active earth pressures distribution.
Introduction
Study of seismic active earth pressure is essential for the safe design of retaining wall in the seismic zone. Many researchers have developed several methods to determine the seismic active earth pressure on a rigid retaining wall due to earthquake loading. The pioneering work on earthquake-induced lateral earth pressure under active and passive conditions acting on a retaining wall were reported by Okabe (1926) and Mononobe and Matsuo (1929) . This pseudo-static approach following the Coulomb's static earth pressure analysis is known as Mononobe-Okabe method (see Kramer, 1996) to compute seismic earth pressure. Recent works of Richards et al. (1999) , Choudhury and Singh (2005) and few others also considered the pseudo-static method to compute seismic active earth pressure behind a retaining wall. But in the pseudo-static method, the dynamic nature of earthquake loading is considered in a very approximate way without taking any effect of time. To overcome this drawback, the time and phase difference due to finite shear wave propagation behind a retaining wall was considered using a simple and more realistic way of pseudo-dynamic method, proposed by Steedman and Zeng (1990) . Again Zeng and Steedman (1993) compared the theoretical results with the centrifuge model test results to validate the pseudo-dynamic method. Steedman and Zeng (1990) considered in their analysis a vertical rigid retaining wall supporting a particular value of soil friction angle (/) and a particular value of seismic horizontal acceleration (k h g, where g is the acceleration due to gravity) only. But the effect of various parameters such as wall friction angle (d), soil friction angle (/), shear wave velocity (V s ), primary wave velocity (V p ), both the horizontal and vertical seismic accelerations (k h g and k v g) on the seismic active earth pressure behind a rigid retaining wall by the pseudo-dynamic method didn't get any attention till today. Hence in this paper, a complete study has been carried out to determine the seismic active earth pressure behind a rigid retaining wall by pseudo-dynamic approach in a more general way.
Method of analysis
Similar to the pseudo-dynamic approach which considers finite shear wave velocity within the backfill material as proposed by Steedman and Zeng (1990) , here also it is assumed that the shear modulus (G) is constant with the depth of retaining wall throughout the backfill. Only the phase and not the magnitude of accelerations are varying along the depth of the wall.
Consider the fixed base vertical rigid retaining wall AB of height H as shown in Figure 1 . The wall is supporting a cohesionless backfill material with horizontal ground. In the present study, both the shear wave velocity, V s ¼ ðG=qÞ 1=2 , where, q is the density of the backfill material and primary wave velocity, assumed to act within the soil media due to earthquake loading. For most geological materials, V p /V s = 1.87 (Das, 1993) . The period of lateral shaking, T=2p/ x=4H/V s (Kramer, 1996) , where x is the angular frequency is considered in the analysis. A planer rupture surface inclined at an angle, a with the horizontal is considered in the analysis.
If the base of the wall is subjected to harmonic horizontal seismic acceleration of amplitude a h g, where g is the acceleration due to gravity and harmonic vertical seismic acceleration of amplitude a v g, the acceleration at any depth z and time t, below the top of the wall can be expressed as,
The mass of a thin element of wedge at depth z is
where, c is the unit weight of the backfill. The total horizontal inertial force acting within the failure zone can be expressed as,
where, k = TV s is the wavelength of the vertically propagating shear wave and f=t)H/V s . The equation (4) is the same as that obtained by Steedman and Zeng (1990) . Now, the total vertical inertial force acting within the failure zone can be expressed as,
where, g ¼ TV p , is the wavelength of the vertically propagating primary wave. And
The special case of a rigid wedge is given, in the limit as
which is equivalent to the pseudo static force assumed in the Mononobe-Okabe method. The total (static + seismic) active thrust, P ae (t) can be obtained by resolving the forces on the wedge and considering the equilibrium of the forces and hence P ae (t) can be expressed as follows,
The seismic active earth pressure coefficient, K ae is defined as
Substituting for Q h and Q v in the equation (8), an expression for K ae in terms of Q h , Q v and W can be derived.
where,
From equation (10), it is seen that K ae is function of the dimensionless parameters H/ TV s , H/TV p , t/T and the wedge angle a.
The maximum value of K ae is obtained by optimizing K ae with respect to t/T and a. It is found that K ae is a function of H/TV s and H/TV p , which is the ratio of time for a shear wave and primary wave to travel the full height of the wall to the period of lateral shaking.
Total seismic active thrust can also be defined as,
where, P as is the pressure acting on the retaining wall due to vertical weight of the wedge, P ahd is the pressure acting on the wall due to horizontal inertia of the wedge and P avd is the pressure acting on the wall due to vertical inertia of the wedge. And the seismic active earth pressure distribution can be obtained by differentiating the total active thrust as,
The equation (12) is similar to that obtained by Steedman and Zeng (1990) for the specific case of k v ¼ 0. The first term in equation (12), represents the static earth pressure acting on the wall. The second and third term represent the dynamic earth pressure acting on the retaining wall. The second term denotes pressure due to horizontal inertia of the soil wedge and the third term represents pressure due to vertical inertia of the soil wedge.
Results and discussions
In the case of cohesionless soils, to avoid the phenomenon of shear fluidization (i.e., the plastic flow of the material at a finite effective stress) for the certain combinations of k h and k v (Richards et al., 1990 ) the values of / considered in the analysis are to satisfy the relationship given by,
Results are presented in the tabular and graphical form for normalized seismic active earth pressure along the normalized depth of the wall. Variation of parameters considered is as follows: The values of seismic active earth pressure coefficient, K ae are given in Tables 1 to 3 for different values of k h and k v . Tables 1 to 3 show that the magnitudes of the seismic active earth pressure coefficients are increasing with the increase in both the horizontal and vertical seismic accelerations. It is interesting to observe that both the horizontal and vertical accelerations affect the results significantly. For example, when k h changes from 0.0 to 0.2, for the case of d=0°, /=30°and k v =0.0, the value of K ae is increased by 44%. Again for the case of d=15°, / =30°and k v =0.5k h , the value of K ae is increased by 37%. Table 4 shows the typical values of the critical inclinations of the failure planes with respect to horizontal for various values of parameters considered in the analysis. Table 4 that with the increase in seismic effect, the critical a value decreases i.e., the extent of failure zone increases. For example, when k h changes from 0.0 to 0.2, for the case of d=0°, / =30°and k v =0.5k h , the value of a is decreased by 28%. It is also clear from Table 4 that as the soil friction angle and wall friction angle increases, the extent of failure zone increases. active earth pressure also increases. Degree of non linearity of the curves also increases for higher values of k h . From the results reported in Tables 1 to 3 for seismic active earth pressure coefficients, it can be seen that active earth pressure coefficients 
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and hence the total thrust changes significantly also under the influence of vertical seismic acceleration coefficient (k v ). Figure 3 shows the normalized pressure distribution for different values of soil friction angle, / with k h =0.2, k v =0.5k h , d=//2, H/k=0.3, H/g=0.16. Seismic active earth pressure shows significant decrease with the increase in the value of soil friction angle. When / changes from 20°to 30°, seismic active earth pressure decreases by about 31.48% at the top, by about 25.6% at the mid-height and by about 28% at the bottom of the wall. Similarly when / changes from 30°to 40°, seismic active earth pressure decreases by about 38.39% at the top, by about 27.84% at the mid-height and by about 32.24% at the bottom of the wall. Figure 5 shows the typical comparison of normalized pressure distribution behind rigid retaining wall obtained by the present study with that by Mononobe-Okabe method for the cases of
Effect of soil friction angle (/)
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Comparison of results
3, H/g=0.16. It reveals non-linear seismic active earth pressure distribution behind retaining wall in a more realistic manner compared to the pseudo-static method. The basic equation (12) also clearly shows mathematically the non-linearity of the seismic active earth pressure distribution. Moreover the observed data for prototype retaining wall under earthquake condition obtained by Fukuoka and Imamura (1984) and the centrifuge experimental observations for model retaining wall under seismic condition measured by Steedman and Zeng (1990) had shown clearly the non-linear variation of seismic active earth pressure along the depth of the wall and confirming the present findings.
Conclusions
In pseudo-dynamic method by considering the time effect and phase change in shear and primary waves propagating in the backfill behind the rigid retaining wall, the seismic active earth pressure distribution as well as the total active thrust behind the retaining wall is obtained. It gives more realistic non-linear seismic active earth pressure distribution behind the retaining wall as compared to the MononobeOkabe method using pseudo-static approach. Non-linearity of the active earth pressure distribution increases with seismicity which leads to the shifting of the point of application of total active thrust required for the design purpose. But the conventional pseudo-static approach gives only linear earth pressure distribution irrespective of static and seismic condition leading to a major drawback in the design criteria.
In this work the estimation of the seismic active earth pressure behind a rigid retaining wall by considering the effects of both the horizontal and vertical seismic acceleration coefficients, wall friction angle, soil friction angle is shown. From the pseudo-dynamic analysis, it is clear that both the horizontal and vertical seismic accelerations are significant for computation of seismic active earth pressure and, moreover, their importance actually increases as the earthquake intensity increases. Both the horizontal and vertical seismic accelerations change the active earth pressure significantly. The seismic active thrust is highly sensitive to the friction angle of the soil, / and comparatively less sensitive to the wall friction angle, d.
